Iron uptake and release by ferritin molecules of different iron contents show similar profiles. These are discussed in relation to the structure of the ferritin molecule. Two models of iron uptake and release are considered. One involves iron oxidation-reduction sites on the protein. The other allows direct interaction of reagents with the iron-core crystallites. It is concluded that the second model accounts better for the experimental results presented now and in previous publications.
Iron uptake and release by ferritin molecules of different iron contents show similar profiles. These are discussed in relation to the structure of the ferritin molecule. Two models of iron uptake and release are considered. One involves iron oxidation-reduction sites on the protein. The other allows direct interaction of reagents with the iron-core crystallites. It is concluded that the second model accounts better for the experimental results presented now and in previous publications.
Ferritin molecules consist of a protein shell (apoferritin) surrounding an inorganic core of microcrystalline hydrous ferric oxide phosphate (Harrison & Hoy, 1973) . Ferritin preparations contain mixtures of molecules of various iron content from iron-free apoferritin to full ferritin containing a maximum of 4500 iron atoms (Rothen, 1944; Fischbach & Anderegg, 1965) . Ferritin can be formed from apoferritin Fe(II) and an oxidant, and its iron is most readily released by reduction to Fe(II). Chelating agents with a high affinity for Fe(III) may also slowly mobilize ferritin iron (Wohler, 1963; Pape et al., 1968) .
The construction of apoferritin from sub-units with intersubunit channels gives the molecule the properties of a sieve (Harrison, 1964) . Fe(II) ions entering the molecule are trapped inside by conversion into polynuclear hydrous ferric oxide. Such polynuclear species forming outside the protein shell would also be unable to enter. Thus redox mechanisms may be required for ferritin iron uptake and release in vivo. This hypothesis has been restated by Niederer (1970) as the 'penetration hypothesis'. In addition, Niederer showed that apoferritin has a catalytic effect on the oxidation of its iron.
In a recent series of papers (Harrison et al., 1967; Macara et al., 1972 Macara et al., , 1973a Hoy et al., 1974a,b) we have presented the results of experiments on the uptake and release of iron from horse spleen ferritin. From these we have concluded that (a) ferritin catalyses iron oxidation in such a way that the ferric oxide hydrate product remains inside the molecule, in agreement with Niederer (1970) and Harrison (1964) , (b) the main role of apoferritin in this process is to initiate the formation of stable crystal nuclei on to which further hydrous iron oxide can be deposited and (c) the rates at which iron-containing ferritin molecules both Vol. 143 accumulate and release iron depend on the number of iron atoms already present in the molecule and, more specifically, on the amount of surface area on the iron-core crystallites available for uptake or release.
Our 'crystal growth' hypothesis has been criticized by Bryce & Crichton (1973) and Crichton (1973) , who favour the view that both uptake and release of ferritin iron are controlled solely by oxidoreduction sites on the protein shell. In the present paper we discuss the two alternative models of ferritin iron incorporation and mobilization and provide further evidence, which, we believe, supports our view that the iron-core crystallite surface is directly involved in these processes. Since ferritin function must be seen in relation to the structure of the molecule, a brief outline is given of the current status of the X-ray analysis of apoferritin, which is proceeding in this laboratory.
Materials and Methods
Horse spleen ferritin (twice-crystallized, cadmiumfree) was purchased from Miles Laboratories Inc., Kankakee, Ill., U.S.A. Ferritin fractions of different iron content were obtained by density gradient centrifugation as described by Hoy et al. (1974a) , two density ranges being used to improve resolution. Apoferritin was prepared from ferritin by dialysis against 0.1M-thioglycollic acid-0.IM-sodium acetate solutions, pH4.25, followed by exhaustive dialysis against glass-distilled water and precipitation with 30% (w/v) (NH4)2SO4.
Iron uptake by ferritin fractions Equilibrium density gradient centrifugation gives ferritin fractions continuously varying in iron content. Fractions were removed carefully from the gradient tubes from the top with a syringe and densities obtained by weighing accurately measured volumes. Iron concentrations were obtained from the absorbance at 420nm (E1o"Fe= 100) and a reasonably accurate estimate of the protein concentration in each fraction was obtained by using previous calibrations of densities as a function of Fe/protein ratios (Fischbach & Anderegg, 1965) . The fractions were dialysed against glass-distilled water to remove CsCl and then against 100mM-imidazole buffer, pH 7.4. Volumes were taken such that an equal amount of protein and therefore of ferritin molecules were present in each fraction and the fractions were again mixed over two overlapping density ranges 1.30-1.62 and 1.62-1.77g/ml. Fractions with buoyant density greater than 1.77 g/ml were not used. The fraction with lowest density included any apoferritin present. Each set of combined fractions was made up to 3.Oml with l0OmM-imidazole-HCl buffer and then divided into two equal parts; 0.5ml of a solution containing a 10-fold excess of oxidant (20mg of K103 and 100mg of Na2S203 in 2ml of water) was added to one set and 0.5ml of water to the other (the oxidant for this set being dissolved molecular 02). To each set a small volume of a freshly prepared aqueous solution of (NH4)2Fe(SO4)2 labelled with 59Fe was added.
The total amount of iron added was calculated to give approximately an average of 100 Fe atoms per ferritin molecule. After a period to allow for iron incorporation into the mixed ferritin fractions, solid CsCl was added and the mixture fractionated as before. The new fractions were then analysed for total iron and density and for 59Fe as described by Hoy et al. (1974b) .
Uptake of iron added stepwise
Ferrous iron was added in successive steps to a solution containing apoferritin and an excess of oxidant (KI03-Na2S203) in imidazole buffer, pH 7.40, as described by Macara et al. (1972) . The reaction was followed by measuring absorbance at 520nm in a Beckman DB recording spectrophotometer. The iron was added as increments of 470 Fe atoms per protein molecule and the incorporation was allowed to proceed to completion before more iron was added.
Iron release
Iron was released from ferritin fractions as described by Hoy et al. (1974a) with 6.3mM-1,10-phenanthroline at pH 5.0 [wrongly given in Hoy et al. (1974a) as 63mM].
Results

Iron uptake by ferritin fractions
The distribution of labelled iron incorporated per molecule is plotted in Fig. 1 Uptake of iron added stepwise The initial rates of iron uptake obtained with each increment of iron added are plotted in Fig. 3 as a function of average iron content (i.e. cumulative total of Fe atoms per protein molecule). As in Fig. 1 iron is incorporated preferentially into molecules containing between one-quarter and one-third their full complement of iron.
Iron release
When 1,10-phenanthroline was added to the ferritin fractions a pink colour was obtained immediately. This may be attributed to a small amount of 'loosely bound' iron. The bulk of the iron is released much more slowly. The initial rates of release of this slowly mobilized iron, obtained at constant protein concentration are plotted in Fig. 1 as a function ofiron atoms per molecule. It can be seen that the points lie on the same curve as that obtained for iron uptake, with a maximum release for molecules containing about 1200 iron atoms. Attempts were made to determine the amount of 'loosely bound iron' by direct measurement of the initial release and by extrapolation of the slow release to zero time. These results showed clearly that the loosely bound iron was not simply related to protein concentration when different fractions were compared, but was also a function of molecular iron content. At constant protein the amount ofrapidly released iron increased, as iron content increased, up to about 1500 iron atoms per molecule. Unfortunately there was too much scatter in the results to establish a clear trend for molecules of higher iron content. In one set of experiments the loosely bound iron followed a pattern Discussion Structure-function relationships in the uptake and release offerritin iron Importance ofmicelle surface. The accumulation of iron by ferritin molecules has been shown in the two different types of experiment described above to depend in a complex way on molecular iron content. Those molecules which contain 1000-1500 Fe atoms, or about between one-quarter and one-third of their total complement, apparently have the greatest avidity for iron. This result is not a quirk due to peculiarities of the non-physiological oxidant, K103-Na2S203, since it is also obtained with molecular O°as oxidant. Moreover in a completely different experiment Miller & Perkins (1969) found a similar dependence, when studying the transfer of iron from transferrin to ferritin in Tris-HCl buffer at pH7.4. Ferritins of different average iron contents were produced by partial reductions of native ferritin and the transfer of ferritin iron was mediated by ascorbic acid and AMP. The results of Miller & Perkins (1969) , replotted in themanner of Figs. 1 and 3, are shown in Fig. 4 Fig. 6 (curve A) . The 'free surface'/crystallite volume ratio (i.e. free surface per iron atom) continuously decreases, however (see Fig. 6 , curve B). To account for the observations ofFigs. 1 and 2 it is proposed that addition ofiron to or removal of iron from ferritin takes place at the iron-core crystallite surface, as summarized in Fig. 8 . (e) and (f) represent the possibility that some molecules contain more than one crystallite, so that there may be intranuclear competition for crystal growth and resolvation. If the crystallites block entry through the intersubunit channels, growth may cease before the molecule contains its maximum possible complement of iron, as in (f). The hydrous ferric oxide crystallites actually consist of close-packed layers of oxygen with interstitial iron. Note that the iron atoms are structurally and functionally heterogeneous in the sense that those near the surface are more readily released than those in internal sites. Few iron atoms are directly attached to protein.
for iron, also release iron most rapidly to 1,10-phenanthroline. When the results are expressed not as iron uptake or release per molecule but per iron atom then the largest rates are obtained with fractions containing least iron (see Fig. 2 (Towe & Bradley, 1967; Harrison et al., 1967) . iron deposition and mobilization, a complex, but similar, dependence of both processes on iron content would be predicted. Calculations of surface variation for three dimensional models similar to those depicted in Fig. 5 (Hoy et al., 1974a) . When release of 59Fe was compared with release of total Fe a 'first-in-last-out' principle was observed, provided iron was mobilized soon after addition of the label. After being left for 72h, however, the 59Fe had mixed completely with the 56Fe. This seems to confirm that iron atoms had indeed been added to the crystallite surface but had then migrated through the oxide lattice until complete-exchange with Fe(III) already present had occurred. Massover & Cowley (1973) have suggested that, in addition to surface effects of crystallite growth, entry of iron into lattice defects should be considered. They propose that the oxygen lattice structure is complete before all the iron is added to the micelle and that some iron may be taken up by diffusion into interstitial spaces. Conversely iron may be lost from some interstitial layers more readily than others. Their hypothesis, based on a structure proposed by Towe & Bradley (1967) for ferric hydrolysate (which has some interstitial planes with 'optional' occupancy) leads to the prediction that very full ferritin fractions (>3000Fe atoms/molecule should lose iron most rapidly and iron uptake should follow a similar pattern. The dependence we have observed, although not embracing fractions withmore than 3750Featoms/molecule is quite different from this.
Alternative models of iron uptake and release. Evidence has accumulated for the involvement of Fe(II)-apoferritin binding sites in the catalytic conversion of Fe(II) into ferric oxide hydrate (Niederer, 1970; Macara et al., 1972 Macara et al., , 1973b Bryce & Crichton, 1973) . The question to be reconsidered here is what is the nature of this involvement and are these sites also utilized in the reductive release of ferritin iron? Could the rapidly released iron observed by us and by several other workers (Mazur et al., 1955; Jones & Johnston, 1967; Dognin et al., 1973; Sirivech & Osaki, 1973) represent iron attached at these catalytic sites?
It has generally been assumed that the 'loosely bound iron' is attached at sites on the surface of the protein. Mazur et al. (1955) proposed that it was attached to thiol groups as Fe(II), since it gave a pink colour with xa'-bipridyl. This could, however, have resulted from the rapid photoreduction of an Fe(III) complex as occurs with the similar 1,10-phenanthroline complex (Jones & Johnston, 1967) . Surface-bound iron was considered to be in equilibrium with the Fe(III) of the inner micelle by Jones & Johnston (1967) and by Dognin etal. (1973) following the proposal of Mazur et al. (1955) . Jones & Johnston (1967) found that the more slowly releasable iron was removed by 1, 10-phenanthroline at a rate which was independent of the concentration of the latter and proposed Scheme 1. The rate-determining step is the slow release of iron from the micelles in the interior of the ferritin molecule and its transport to The sites^are placed in narrow intersubunit channels, which restrict entry and exit to Fe3+ ions. Iron atoms at these sites might account for the observed 'loosely bound'
iron.
oxido-reduction sites on the protein is drawn in Fig. 7 , with the sites placed in the intersubunit channels towards the surface of the molecule. In this model no assumption need be made about the structure of the iron micelle except insofar as this may affect the rate at which iron is released from it or added to it. Logically there seem to be two tacit assumptions underlying this type of mechanism.
(1) The channels can be penetrated by Fe(llI) ions but not by reducing, oxidizing or chelating agents, otherwise these could react directly with the micelle.
(2) There must be some mechanism ensuring that Fe(II), entering the molecule, once oxidized to Fe(III), moves inwards rather than outwards since there is no evidence that apoferritin exhibits ferroxidase activity except in relation to ferritin formation.
For this model to be reconciled with the dependence on iron content of both uptake and release processes described in this paper the rate-determining steps in the two processes would have to be respectively addition by iron to or removal ofiron from the micelle. If this were the case it would be difficult to explain how release could proceed at such different rates with different reagents and under different conditions (see for example Bielig & Bayer, 1955; Jones & Johnston, 1967; Pape et al., 1968; Sirivech & Osaki, 1973; Hoy et al., 1974a) . Phosphate is found attached to the micelles and there is evidence that sucrose and raffinose (F. A. Fischbach, personal communication) and phosphotungstate ions (Van Bruggen et al., 1960) can penetrate into the interior of the molecule. If these can get in, then why should reducing agents like dithionite (Granick & Michaelis, 1943) , thioglycollate and perhaps even FMNH2 (Sirivech & Osaki, 1973) and chelating agents like nitrilotriacetate (Pape et al., 1968) and perhaps deferrioxamine A (W6hler, 1963) capable of removing iron from ferritin, not also enter the molecule and interact directly with the micelle? (If they did, a dependence on iron content similar for iron release with 1,10-phenanthroline would be predicted.) It has been suggested by Niederer (1970) that the inhibition by bivalent cations such as Zn(U) of iron release with dithionite is due to Zn(II) competing for reducing sites. An alternative explanation may well be that these cations are adsorbed on the micelle surface (Macara et al., 1973a) . Circumstantial evidence against a special reductive mechanism involving an apoferritin site which has different affinities for different reducing agents (Frieden & Osaki, 1974 (Macara et al., 1973c) . The loosely bound iron observed by us varied from about IFe to 5Fe released per subunit, although this was not independent of iron content, the lower values being obtained with low iron fractions.
The model of ferritin ion uptake and release which is simplest, and, we think, best fits the observations we have discussed here, as well as kinetic data we have described previously, is depicted in Fig. 8 . This model is derived from the model for ferritin formation shown in Fig. 11(a) of Macara et al. (1972) . It is supposed that the apoferritin shell contains channels that permit the relatively free passage of reducing and chelating agents and provide continuity between the inside and outside of the molecule. If reduced flavin mononucleotide is to enter and ferrioxamine is to leave the molecule, then the channels must be at least 1.3-1.4nm (13-14A) across. Iron might be removed by 1, 10-phenanthroline as Fe(II)(phen)3 [about 1.5nm (15A) in diameter] or as a smaller Fe(II)(phen) aq. complex. Iron-binding sites on the inner surface of the apoferritin shell are involved only in the initial formation of stable hydrous ferric oxide nuclei on to which further iron is added directly [see below and Macara et al. (1972)] . Redissolution is by direct interaction of reagent and micelle.
The model of Fig. 8 seems to be supported by a preliminary 0.6nm (6A) resolution electron-density map of horse spleen apoferritin based on a single isomorphous derivative (R. J. Hoare, P. M. Harrison & T. G. Hoy, unpublished work) . This shows the molecule as a hollow, nearly spherical shell with an inner cavity of about 6nm (60A) in diameter penetrated by six channels each 1-1.5nm (10-S15A) wide lying along the molecular fourfold axes. These channels are probably large enough to allow the passage of riboflavins and ferrioxamine and certainly of S2032 , I03, 02, cyteine, thioglycollate and ascorbate. Two mercury atoms per subunit have been located in the map: They are covalently bound (as p-mercuribenzoate) to the protein, presumably to two cysteine thiol groups. One of these lies in a cavern off the fourfold channels. The other lies at the inner end of what appears to be a narrow channel running in from the outer surface but apparently not penetrating through to the inner cavity. Neither of these can really be said to be 'at the surface' as suggested by Mazur et al. (1955) . The mercury derivative was fully active in iron accumulation so that these cysteine residues do not seem to be part of the 'active site' as suggested by Bryce & Crichton (1973) . Moreover a ferritin which contains no cysteine has been isolated from amphibian erythrocytes (Theil, 1973) so this residue may have no function in iron uptake or release.
